Premature ventricular complexes (PVCs) due to spontaneous calcium (Ca) release (SCR) events at the cell level can precipitate ventricular arrhythmias. However, the mechanistic link between SCRs and PVC formation remains incompletely understood. The aim of this study was to investigate the conditions under which delayed afterdepolarizations resulting from stochastic subcellular SCR events can overcome electrotonic source-sink mismatch, leading to PVC initiation.
Introduction
Arrhythmias are the leading cause of sudden death in patients with cardiac diseases such as myocardial ischaemia or heart failure (HF). 1, 2 Ectopic excitations are believed to be implicated in triggering a variety of these arrhythmias by causing premature ventricular complexes (PVCs). These are usually benign in healthy individuals 3 ; however, under diseased conditions they can disrupt the normal sinus rhythm and precipitate life-threatening tachycardias. 4, 5 Ectopic excitations have been the topic of many experimental studies ranging from cellular to whole heart preparations. 6 -11 At the cellular level, they can occur when action potentials (APs) are elicited by suprathreshold afterdepolarizations caused by abnormalities at the level of ion channels. Afterdepolarizations occur either early during the plateau phase of a long-duration AP or 'delayed', when the AP is nearly or fully repolarized. With delayed afterdepolarizations (DADs), it is well established that abnormal calcium (Ca 2+ ) cycling plays an essential role in their genesis. 6, 7, 9, 11, 12 Ca 2+ release from the sarcoplasmic reticulum (SR) due to random openings of Ryanodine receptors can generate spontaneous Ca 2+ sparks in absence of any local trigger current provided through L-type Ca 2+ channel activation. 9 Such spontaneous Ca 2+ release (SCR) events are favoured by conditions producing Ca 2+ overload such as ischaemia, increased sympathetic nerve activity, hypertrophy, or HF. 13 -15 Spontaneous Ca 2+ sparks can spread throughout the cell as waves, stimulating Ca 2+ -sensitive inward currents which can summate to produce a DAD-induced AP. While such DADs may induce APs in isolated myocytes, this is not necessarily the case in tissue where myocytes are coupled via gap junctions to quiescent neighbouring myocytes. DADs induce electrotonic current flow, which greatly reduces its magnitude compared with isolated myocytes. For triggered APs to propagate, it is necessary that DADs occur within a sufficiently small window in time over a larger ensemble of adjacent myocytes to achieve suprathreshold depolarization. However, the mechanism by which spatiotemporal synchronization of stochastic SCR events is achieved in tissue remains poorly understood.
The objective of this study is to test the hypotheses that (i) a critical diastolic threshold in SR Ca 2+ load (Ca SR ) exists above which PVCs emerge without the need for a mechanism to synchronize stochastic SCRs across cells, and (ii) electrotonic loading conditions in structurally healthy ventricles favour the origin of the first DAD-induced PVC in the Purkinje system (PS). These hypotheses are tested using a phenomenological model of SCR 16 and AP 17 which is incorporated into an anatomically accurate computer model of rabbit ventricles, equipped with a topologically realistic His-Purkinje system. 18 Heterogeneities in cellular electrophysiology in ventricular as well as Purkinje cells are ignored to precisely assess the role of electrotonic load in PVC formation. which are known to increase the propensity for DADs (see Supplementary material online).
Biventricular model
This DAD-prone myocyte model was incorporated into an anatomically accurate 3D computer model of the rabbit ventricles 18 including a topologically realistic model of the PS. Electrical activity was solved with the CARP simulator 24 using the monodomain approach. The same MSH myocyte model was used in both ventricles and PS to rule out any effects due to electrophysiological heterogeneities. This renders the formation of PVCs a sole function of dimensionality (3D ventricles and quasi-1D PS), biventricular anatomy, anisotropy, and Ca SR . Figure S1 and Table S1 ). Due to the stochastic nature of SCR, N ¼ 1110 independent single myocyte experiments with different random seeds were performed for each Ca SR . The exact same protocol was applied in the biventricular model, which was paced in spaceclamped mode. Each myocyte in the model was assigned a unique random seed to ensure heterogeneous stochastic SCR evolution and preclude any dependency of location and timing of PVC formation on the preceding activation sequence. In the biventricular model, N ¼ 100 experiments were performed for each Ca SR .
Simulation protocol

Data analysis
For each Ca SR , the number of experiments in which a SCR event with a recruitment rate .5 sparks/ms was observed within the pacing pause, n, was recorded to compute the probability p SCR ¼ n/N. This recruitment rate criterion was sufficiently high to be only met if Ca 2+ waves propagated throughout the whole cell. Given this definition, p SCR is equivalent to the probability of a propagating Ca 2+ wave to occur in a given time interval within a single-cell. Likewise, p AP is the probability of a cell to trigger an AP during the pacing pause. The number of SCR events as well as the time until the onset of a SCR event, T SCR , and a triggered AP, T AP , were determined ( Figure 1 ). (Figure 2A ). SCR events occurred over the entire range of Ca SR probed while triggered APs appeared only at Ca SR ≥ 1100 mmol/L. SCRs or APs always occurred for Ca SR ≥ 1350 and ≥1450 mmol/L, respectively. This was due to the gradual increase in the number of SCR events, a shortening of T SCR , and a reduced timing variability with increasing Ca SR ( Figure 2B and C ). On average, the number of SCR events increased from 715 to 14 340, and average T SCR shortened from 732 to 142 ms, when increasing Ca SR from 1000 to 1600 mmol/L. between 1200 and 1400 mmol/L, corresponding to the rising phase of p AP in Figure 2A , statistical variability was large, as reflected in many outliers. These were due to the differences between cells that elicited a triggered AP from those that did not (see differences in p SCR and p AP in Figure 2A ). The relationship between DCa s and DV m , referred to as 'calcium-membrane voltage coupling gain', was nonlinear, where the average DCa s per Ca SR is plotted against the average DV m ( Figure 2F ).
Ectopic excitations in a 1D strand of coupled cells
To assess the effect of electrotonic load, all 1110 cells used in single-cell experiments were coupled to form a 1D strand. In this experiment, the same stochastic properties were assigned as previously to the individual cells. This experiment showed that intrinsic properties directly related to SCR events, such as their number, T SCR , and DCa s (data not shown) remained virtually unaffected by coupling; however, noticeable differences were observed in DV m . Figure 3A compares DV m of uncoupled and coupled cells for Ca SR ranging from 1400 to 1500 mmol/L. While the average DV m at 1400 mmol/L was much lower in the strand (20 vs. 41 mV), the difference decreased with increasing Ca SR . At Ca SR ¼ 1500 mmol/L, DV m was 32 vs. 43 mV. Further, electrotonic load in the strand smoothed out variability in DV m and decreased calciummembrane voltage coupling gain ( Figure 3B ). On average, SCR-induced DCa s led to less depolarization; however, the difference attenuated with increasing Ca SR . The same simulation protocol was used to perform 100 strand experiments ( Figure 3C ). Overall, electrotonic coupling in the strand led to a significant shift in p AP towards higher Ca SR along with a much steeper sigmoid rise around the threshold Ca SR . Ectopic excitations only appeared at a Ca SR of 1450 mmol/L with p AP of 29% and reached 100% at Ca SR ≥ 1500 mmol/L.
PVCs in the biventricular model
Compared with the strand experiments, an even steeper transition in p AP from 0 to 100% was observed ( Figure 4A , orange trace). For Ca SR ≤ 1450 mmol/L, no PVCs emerged at all. For Ca SR ≥ 1500 mmol/L, PVCs emerged in all experiments, indicating a distinct narrow banded threshold zone in Ca SR . Measured T AP were 349 + 14 ms (1500 mmol/L) and 176 + 18 ms (1600 mmol/L). Figure 4B and C show the distribution of foci at Ca SR of 1500 and 1600 mmol/L. Despite the much larger number of cells in the ventricles, all foci arose exclusively, without exception, in the PS (see Supplementary material online, Video S1 for an example). The majority of PVCs ( 68%) originated in the distal branches of the PS in the immediate vicinity (,1 mm) of a Purkinje-ventricular junction (PVJ). The remaining foci were distributed throughout the PS without any obvious preference.
To establish whether PVCs in the ventricles occurred, but were masked by foci emerging earlier in the PS, experiments were performed where SCR was inhibited in the PS. At a Ca SR of 1500 mmol/L, where p AP was 100% with SCR in the PS enabled, no PVCs occurred ( Figure 4A , red trace). However, after a minor increase in Ca SR to 1550 mmol/L, PVCs always occurred. Foci were located at either the epicardial or endocardial surface, but none within the depth of the ventricular wall. Figure 4D shows the uneven clustering of focal sources along the edges of the base where the source -sink mismatch was less severe.
No major qualitative differences in p AP were found over all experiments from single-cell to ventricles, but quantitatively increased electrotonic load promoted a shift of p AP curves towards higher Ca SR and a steepening of the transition from 0 to 100% probability ( Figure 4A) . The critical threshold in Ca SR necessary for foci to occur with 100% probability was found to be 1450 mmol/L in the single-cell, 1500 mmol/L in the 1D strand and the 3D ventricles with PS, and 1550 mmol/L in the ventricles with SCRs inhibited in the PS.
PVC mechanism in 3D
In the absence of SCR events in the PS, PVCs in the ventricles appeared for Ca SR ≥ 1550 mmol/L. The mechanism by which stochastic SCR events achieve sufficient synchronization to trigger a propagated AP is illustrated in Figures 5 and 6 (see also Supplementary material online, Video S2). The stochastic nature of SCR and associated Ca s is shown in Figure 5A . At the focal site, Ca s started to rise around 90 ms due to a SCR event ( Figure 5B). Numerous other cells underwent SCRs earlier than this ( Figure 5A 2 ). At t 3 ¼ 120 ms, the instant of maximum rate of rise of spontaneous Ca s , a Ca s elevation of 2.2 mmol/L had built up at the focal site which was noticeably larger than the average Ca s elevation of 1.26 mmol/L in the ventricles ( Figure 5A 3 and C ). At t 4 ¼ 156.5 ms, when the upstroke velocity of the AP peaked, the average Ca s elevation over the entire ventricles had arrived at 1.93 mmol/L, but numerous sites had higher elevation levels ( Figure 5A 4 and C ) . The fast increase in Ca s at t 4 was not solely due to a SCR event, but caused by Ca 2+ flux via I CaL and Ca 2+ -induced Ca 2+ release from the SR.
Membrane depolarization in response to the elevation in Ca s in the ventricles and at the focal site is shown in Figure 6A and B, respectively. Note that the PVC did not emerge from a cluster of synchronously firing cells; rather an overall depolarization of the ventricles occurred (Supplemental material online, Video S2). At time t 4 , when upstroke velocity peaked at the focal site, most cells had undergone significant depolarization ( Figure 6A 4 and C ) . This was driven by I NCX currents in response to the rise in Ca s caused by the large number of SCR events, occurring with an average T SCR of 102 + 58 ms.
Discussion
This study used a multiscale computational model of the rabbit ventricles equipped with a topologically realistic model of the PS network to investigate probability, timing, and locations of SCR-mediated PVCs. 
Stochastic SCR events and PVCs
Results show that the sigmoid rise of p AP is shifted towards higher Ca SR and is markedly steeper in tissue relative to isolated myocytes. This gives rise to a narrow banded critical Ca SR threshold where the regime in which no PVCs occur is separated from the high-probability regime by a minor difference in Ca SR (50 mmol/L). This critical threshold depends on tissue dimensionality. In a 1D structure, such as a strand, p AP is higher and T AP is shorter than in higher dimensional tissue (Supplementary material online, Figure S2) . As a consequence, the critical Ca SR threshold is lower in the 1D PS network (1500 mmol/L) than in the 3D ventricular myocardium (1550 mmol/L) and therefore PVCs emerge, with overwhelming likelihood in the PS, with 68% occurring within a distance of ,1 mm from a PVJ. At slightly higher Ca SR above the critical threshold and with SCR inhibited in the PS, PVCs also originated in the ventricles mostly at sites of lower electrotonic load. These PVCs may emerge in the presence of the PS as well; however, they are masked by foci arising earlier in the PS due to the shorter average T AP there. Overall, the high probability and reduced timing variability of SCR events at Ca SR beyond the critical threshold lead to a global diastolic depolarization, which drives the ventricles and the PS gradually to the firing threshold. Under such depolarized conditions, no explicit synchronization mechanism is required for a cluster of cells to overcome source-sink mismatches.
Triggered activity in tissue
Experimental studies indicate that most ventricular tachycardias in nonischaemic HF are initiated by non-reentrant focal mechanisms 9, 10, 26 such as SCR-triggered DADs. While underlying mechanisms are well understood in isolated myocytes, circumstances under which propagated APs are induced in the intact heart remain unclear. While APs are elicited in isolated myocytes once the membrane is depolarized above the threshold of I Na activation, this is insufficient in tissue. According to the liminal length concept, the net ionic current generated by tissue around a focal site within the radius of electrotonic influence must become inward to initiate a propagated response. 27, 28 Therefore, a DAD-triggered event may propagate only if sufficiently well synchronized SCR events occur in a large cluster of adjacent cells. 29 Moreover, due to electrotonic current flow via gap junctions, less current is available for local depolarization, requiring more I NCX current for the same DV m as in isolated myocytes. Even at an elevated Ca SR of 1450 mmol/L which was associated with a p AP of 100% in isolated myocytes, the average DV m was markedly reduced in the 1D strand and p AP was only 29%. No propagated APs were observed at Ca SR , 1450 mmol/L in tissue, although intrinsic SCR metrics (total number of SCRs, T SCR and DCa s ) remained unaffected by coupling (data not shown). Both average T SCR and its variance were noticeably lowered at this Ca SR ( Figure 2C ), but the temporal coincidence of SCR events was still insufficient to trigger a propagated AP. Thus, the combined effects of insufficient coincidence of SCR events and electrotonic loading led to a reduced DV m , preventing the initiation of PVCs. The role of electrotonic currents in suppressing ectopic excitations has been studied experimentally and computationally. 30 -32 In a simulation study, Xie et al. 31 aimed to establish quantitatively the size of a cluster of cells needed to undergo a DAD in synchrony to initiate AP propagation. As expected on geometric grounds, the source -sink mismatch was most severe in 3D under normal coupling conditions, necessitating a large cluster of cells ( 817 k cells) to fire. While this notion is compatible with our findings in that SCR events must occur in a large number of cells with a sufficiently close coincidence, our results suggest different conclusions regarding the underlying mechanism for spatial synchronization. This is mainly due to very different experimental conditions considered. Xie et al. 31 tested a scenario where all cells within a given region synchronously underwent a DAD, whereas outside the region, no DADs occurred. Under these conditions, a sharp gradient builds up between depolarizing cells within the region and cells at rest in the outside. This represents a limiting case of a source -sink relationship, which maximizes the electrotonic load imposed on a focal site. In the scenario considered in this study, timing and location of DADs were determined entirely by the stochastic nature of SCR events and by electrotonic loading. Under such conditions, it is extremely unlikely that a sharp gradient between a focal cluster and adjacent tissue builds up. Rather, our findings suggest that ectopic foci form in tissue only at sufficiently high Ca SR at which p AP is close to 100%. That is, essentially all cells undergo a SCR event and the variability in T SCR is narrowed down to achieve a sufficient degree of coincidence (Figure 2A and C ) . This gives rise to a global depolarization that drives the tissue gradually to the firing threshold (see Supplementary material online, Video S2). As all cells slowly depolarize, to slightly different extents and with some jitter in timing, electrotonic currents smooth out this ripple, but the electrotonic load upon individual cells is minor. Thus fairly small clusters of cells, which are electrotonically favoured or undergo by chance a larger SCR event, are able to trigger a propagated AP. However, under realistic conditions, we expect tissue scale heterogeneities in both Ca 2+ cycling properties and ion channels regulating the AP. Thus, we expect that focal excitations will occur in regions where the number of SCR events is largest and coordinated. Indeed, in line scan images of Ca 2+ waves in a whole rat heart, Wasserstrom et al. 25 observed a PVC coinciding with the point when most of the cells within the experimental field undergo SCR or where ion channel conductances were such that an SCR event induced a larger DV m , i.e. in regions of lower (higher) I K1 (I NCX ) conductance. Moreover, as shown by Xie et al., 31 regional decreases in cellular coupling, as with reduced gap junction density or fibrosis, reduce conductivity, thereby lowering conduction velocity, and shorten space constant and liminal length. Under such conditions of reduced electrotonic load, the overall number of cells required to trigger a propagated response is much smaller, implicating a bias for PVCs to originate there. Indeed, Myles et al. 30 demonstrated that gap junction uncoupling increases the occurrence of PVCs in the intact rabbit heart. This is also supported by our own simulations (data not shown) in which intracellular conductivities were significantly reduced by a factor of 10. This led to a reduction in conduction velocity by 74 and 78% in longitudinal and transverse direction, respectively. Under these conditions, the calcium-membrane voltage coupling gain increased, and the Ca SR threshold for PVC formation was reduced by 50 mmol/L. However, location and spatial scale of such regions of altered coupling or electrophysiological properties is highly non-trivial and is likely dependent on the precise details of the electrophysiological gradients and structural heterogeneities involved.
Role of the His-Purkinje network in PVC formation
Several studies have documented the greater vulnerability of the PS to PVCs than the ventricular myocardium. 10, 26, 33, 34 Analysis of epicardial breakthrough patterns in ventricular tachycardia suggested ectopic focal sources in the His-Purkinje network. 10 Higher susceptibility of the PS to PVCs is attributed either to differences in cellular electrophysiology 34 or to tissue scale properties such as electrotonic load and liminal length. 35, 36 A recent modelling study of Li and Rudy 34 provided evidence that in Purkinje cells, Ca SR is higher and excitation threshold is lower due to the presence of the hyperpolarization-activated 'funny current' and a reduced I K1 current. This is corroborated by experimental findings showing that reduced I K1 is a key determinant for the greater calcium-membrane voltage coupling gain and genesis of PVCs in Purkinje fibres. 37 On the other hand, Cerrone et al. 10 used a simplified computer model of two thin tissue strips connected to a larger 2D sheet of tissue to mimic electrotonic loading conditions at PVJs. Their results support the notion that DADs are more likely to reach threshold within the thin fibres of the PS rather than in the 3D ventricular muscle due to the lower electrotonic load imposed on cells in the PS. This result is important as it demonstrates, for the first time, that tissue geometry may play an important role in predisposing locations of lowered electrotonic load to the formation of PVCs. In this study, a highly detailed computer model of rabbit ventricles and PS was employed to elucidate the influence of electrotonic load upon probability, location, and timing of PVCs. For this sake, any electrophysiological heterogeneity, which may be present in the rabbit heart in vivo, was ignored. Thus electrotonic load is the only tissue scale factor, which is subjected to spatial variation, any effects due to functional heterogeneities can be ruled out. PVCs of origin in the PS started to appear at a critical Ca SR of 1500 mmol/L (Figure 4A and C ) . A further increase in Ca SR did not entail a further increase in p AP , nor did it change the overall distribution of focal sites, rather a further reduction in T AP was observed. PVCs originated everywhere throughout the PS ( Figure 4B and C and Supplementary material online, Video S1), but with a noticeable bias towards locations in the vicinity of PVJs, with about 68% of PVCs originating within a distance of ,1 mm away from the closest PVJ. All sites, which fired more than once were in close proximity to a PVJ. This bias is explained by considering that the PVJ is modelled as a discrete resistive coupling between the terminal end of the PS and the ventricles. Coupling resistances, which were chosen to reproduce experimentally observed delays in anterograde and retrograde impulse transduction across the PVJ, 18 were high enough to lower the electrotonic load in the vicinity of the PVJs. Indeed, increasing the resistance across the junctions to further reduce the electrotonic load imposed by the ventricles upon the PS (data not shown) reinforced this trend. The number of foci increased from 68% within an average distance of 0.7 mm to 84% within an average distance of 0.2 mm from a PVJ (Ca SR of 1600 mmol/L).
Triggered activity in ventricles
At a Ca SR of 1500 mmol/L, PVCs originated, without exception, in the PS ( Figure 4A ). When SCRs were inhibited in the PS, no PVCs were observed. However, at a marginally higher Ca SR ≥ 1550 mmol/L, PVCs started to appear in the ventricles in all experiments ( Figure 4D ). PVC formation in this case is readily explained by the tissue-scale mechanisms elucidated earlier. SCR events occur virtually everywhere in the ventricles with sufficiently close coincidence such that the resulting inward currents summate to depolarize the resting potential gradually towards the firing threshold. PVCs tend to originate then in regions where the number of SCR events by chance is higher or where electrotonic load is lower. Indeed, almost all PVCs appeared along the tissue surface and tended to cluster along the edges of the ventricular base where electrotonic load is reduced. While our results suggest that PVC formation at high Ca SR is likely to occur in the ventricles, with an intact PS, PVCs always originated there first due to the shorter T AP ( Figure 4C) . Overall, our results strongly support the notion that the one-dimensional PS is a very likely source of PVCs in the intact ventricles. Results summarized in Figure 4 are compatible with findings reported by Cerrone et al., 10 where optical maps of the endocardium in an episode of non-sustained multifocal tachycardia revealed that focal discharges at multiple locations were present, all of which were shown to originate within the PS. Our findings are further corroborated by simulations in simpler geometric models (Supplementary material online, Figure S2 ) which emphasize the high sensitivity of PVCs to dimensionality. With increasing dimensionality, probability of PVCs decreases while T AP increases, thus indicating that PVCs appear not only with higher frequency, but also earlier in the 1D PS than in the 3D myocardium.
Steep sigmoid dependence of PVC probability upon Ca SR
An important finding of this study is that the probability p AP in tissue has a very steep sigmoid dependence on Ca SR ( Figure 4A ). This result is surprising since p AP in an isolated myocyte exhibits a much less steep dependence, suggesting that electrotonic coupling has a substantial effect on the shape of the p AP curve. This result can be explained by the stochasticity of SCR in a population of cells in tissue, along with the effect of electrotonic coupling. As shown in a theoretical study, the mean T AP is exponentially dependent on system parameters 22 and, as a consequence, the fraction of ectopic excitations observed within a finite duration pause following pacing will go from 0 to 1 over a small change in Ca SR (see Supplementary material online for details).
SCRs and PVC formation in HF
In this study, key parameters of the MSH myocyte model were modified, in the context of HF remodelling, to increase its propensity for DADs. However, the failing heart undergoes a more complex set of electrophysiological changes, where altered Ca 2+ cycling, AP prolongation, and gap junction remodelling are hallmark features favouring triggered activity arising from afterdepolarizations. 
Study limitations
While the computer model used in this study is state-of-the-art with regard to the representation of biventricular anatomy, topology of the PS network, modelling of PVJs and multiscale representation of stochastic aspects of Ca 2+ cycling, it is simplistic in other aspects. First, although a Ca-binding site on the luminal side of the RyR channel is believed to play a role in SCR, only a functional dependence on Ca SR is considered in our phenomenological Ca 2+ model. However, a luminal sensor would only pose additional sensitivity to the gradient of Ca 2+ across the SR membrane making SCRs even more sensitive to Ca SR . Secondly, the cell model was modified to represent some key electrophysiological changes observed under HF conditions, namely up-and down-regulation of I NCX and I K1 , respectively. The rationale behind this choice is that DAD-triggered activity, the focus of this study, is extremely sensitive to the ratio of inward to outward currents near the threshold for an AP with I NCX and I K1 being the two main factors. Investigating how PVC formation is affected by other remodelling process, such as AP prolongation, enhanced heterogeneity or conduction slowing, would require numerous adjustments, which would be a study in its own right. Finally, all known spatial heterogeneities in cellular electrophysiology have been fully ignored. This deliberate choice in the design of this in-silico model allowed us to dissect out the role of the main tissue-scale parameter of interest of this study-the influence of electrotonic load. By using the exact same cellular makeup for both ventricles and PS, any influence of functional heterogeneities can be ruled out.
Conclusion
Using an anatomically accurate computer model of rabbit ventricles and His-Purkinje system this study found that the probability of SCR-mediated ectopic excitations in tissue increases dramatically due to small changes in Ca SR . This high sensitivity is observed close to a critical Ca SR above which p AP increases rapidly, from 0 to 100%. The 0 and 100% probability regime is separated by a very narrow corridor of Ca SR of only 3.3%. This critical threshold is due to the influence of electrotonic load on the probabilistic nature of SCR. As a consequence, in the ventricles there is a range of Ca SR where PVCs occur exclusively in the PS, mostly in the immediate vicinity of a PVJ. While PVCs may also occur in the 3D myocardium at higher Ca SR , due to longer T AP , these are masked by ectopic excitations occurring earlier in the PS, suggesting the PS as the lone source of PVCs. The strong sensitivity of ectopic excitations on Ca SR suggests that therapeutic approaches that target this relationship can be highly effective to prevent PVCs.
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